In this article the aero-elastic loads on a 10 MW turbine in response to unconventional wind conditions selected from a year long Large Eddy Simulation on a site at the North Sea are evaluated. Thereto an assessment is made of the practical importance of these wind conditions within an aero-elastic context based on high fidelity wind modelling. Moreover the 10 accuracy of BEM based methods for modelling such wind conditions is assessed. The study is carried out in a joint effort by the Energy Research Centre of the Netherlands ECN part of TNO and the Dutch meteorological consultancy company Whiffle.
April 2015). This design load spectrum will be used as reference to the loads as calculated in response to the extreme events from GRASP. The calculations of the design load spectrum have been repeated with the most recent versions of design tools to assure consistency in tools, see section 5. 70 The site where the turbine is placed is the location of the Meteorological IJmuiden (MMIJ) in the North Sea, 85 km offshore from the Dutch shore (N52°50.89' E3°26.14'). Hence, it is this location where the wind input is calculated by the Whiffle code GRASP.
4 Calculation of loads for extreme events 75 4.1 Wind input
Grasp
The GRASP code is a Large Eddy Simulation (LES) model developed by Whiffle that is based on the Dutch Atmospheric Large Eddy Simulation (DALES). The LES code runs on Graphics Processing Units (GPUs) and is therefore referred to as GRASP: GPU-Resident Atmospheric Simulation Platform. GRASP can be run with boundary conditions from a large scale-80 weather model (Gilbert, et al., 2019) For this study, GRASP has been run for the location of the Meteo Mast IJmuiden in the Dutch North Sea area with ERA5 boundary conditions. Driving the LES with boundary conditions from a large-scale weather model, ensures that the full spectrum of atmospheric flow from synoptic to turbulent scales is considered. Amongst others, the interaction between atmospheric stability, turbulence and shear is resolved.
A full year of LES runs of 24 hours each has been performed on a resolution of 20m. From these results, several extreme wind 85 events have been identified, including Low Level Jets, high shear, high veer, strong gusts, fast ramps and high turbulence cases. These cases have been re-run and used as boundary conditions for a higher resolution run in the concurrent precursor setting. Thereto a three-way nested simulation has been carried out, see Fig.1 at 8, 4, and 2 meter resolution with 256 grid boxes in each direction which gives a domain size of 2x2 km 2 , 1x1 km 2 and 500x500 m 2 respectively. The finest grid with a resolution of 2 meter yields 51 wind speed points over the 103 meter AVATAR blade radius. The finest temporary resolution 90 is 10 Hz which yields an azimuth interval of 6 degrees at the rated rotor speed of 10 rpm.
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Selection of extreme events 95
The period for which the GRASP simulations were carried out was from 2014/12/1 to 2015/12/1. The calculational domain of the nested simulations was centered around the hub height of 133 meters with a spatial resolution of 2 meters and a temporary resolution of 0.1 seconds as mentioned in section 4.1.1. The considered wind speeds are between 5 and 25 m/s i.e. between the cut-in and cut-out wind speed of the AVATAR RWT Then the following five "extreme" cases of 10 minutes were selected. 100  Strongest low-level jet (LLJ). Note that LLJ's were detected with the algorithm from (Baas, 2009 )  Strongest wind veer over the rotor  Strongest shear over the rotor  Highest turbulence kinetic energy (TKE) below cut-out wind speed  Highest turbulence intensity (TI) around rated wind speed (i.e. higher than 10 m/s) and lower than cut-out 105
In the Figs 2 to 4, the 10-minute averaged profiles of the extreme low level jet, veer and shear are plotted in terms of wind speed and wind direction as function of height. The figures also indicate the lowest and upper part of the rotor plane as well as the hub height.
For the strongest low level jet, it can be seen that the wind speed at the lowest point of the rotor plane is approximately 9.2 m/s. Going upward it increases to a maximum value of almost 13 m/s. This value is reached slightly below hub height. Then 110 above hub height the wind speed decreases to approximately 10.3 m/s at the upper part of the rotor plane. The wind speed https://doi.org/10.5194/wes-2020-1 Preprint. Discussion started: 13 February 2020 c Author(s) 2020. CC BY 4.0 License. variation with height goes together with a relatively large veer from approximately 230 degrees at the lowest point of the rotor plane to 239 degrees slightly below hub height above which it remains more or less constant. It must be noted that a shear exponent of 0.2 (i.e. the exponent used in the IEC reference load spectrum, see section 5) at a comparable hub height wind speed of 13 m/s yields a velocity of 9.7 m/s at the lower part of the rotor plane. In other words, the shear prescribed by the 115 standards is only slightly less than the shear from the LLJ in the lower part of the rotor plane.
The strongest wind veer case shows a wind direction of approximately 85 degrees at the lowest part of the rotor plane and a wind direction of approximately 120 degrees at the upper part, leading to a wind direction difference of 35 degrees.
The strongest shear case shows a wind speed of approximately 11.5 m/s at the lowest part of the rotor plane above which it increases to almost 16 m/s at hub height above which it increases further to approximately 19 m/s at the upper position of the 120 rotor plane. Although a wind speed difference of 8.5 m/s over the rotor plane is seemingly large it must be noted that a wind shear exponent of 0.2 (i.e. the exponent prescribed in the standards for the normal operating condition cases) and a hub height wind speed of 16 m/s already gives a wind speed difference of 6.2 m/s over the rotor plane.
For the case with extreme turbulence intensity and extreme turbulent kinetic energy the turbulence intensities at hub height are found to be approximately 5% and 6.5% at approximately 14.8 m/s and 22.5 m/s respectively. It is noted that although 125 these turbulence intensities are the highest for the selected year, they are much lower than the values for turbulence class A at the corresponding wind speeds (approximately 18% and 16%). This indicates that the reference design load spectrum as calculated in the AVATAR project is conservative for isolated turbines at the selected site. However even a turbulence class C (the lowest possible turbulence class in IEC) leads to turbulence intensities which are still far below the extreme turbulence intensities in the selected year. 130
It is also important to note that the extreme shear and extreme low level jet cases go together with very low turbulence levels. This is shown in table 1, which gives the turbulence intensity as function of height for the LLJ event.
Height [m]
Turbulence 
Validation of extreme events
As mentioned in section 3 the GRASP wind simulations were done for the location of Meteorological Mast IJmuiden (MMIJ).
This offers a way to validate the GRASP calculations with the measurements from that mast. 155
The mast is shown in Fig. 5 and the instrumentation of the mast is given in (Werkhoven & Verhoef, 2012) . Measurements are taken with anemometers on a mast which are placed at three different heights above sea level, i.e.: 27m, 58m and at the top level of 92 meter (note that some wind speed sensors are mounted at an altitude of 85 meters as well).
They are combined with LIDAR measurements which are taken at 90, 115, 140, 165, 190, 215, 240, 265, 290, 315 meter above 160 sea level.
For each of the selected cases vertical profiles of the relevant variables are given from 2 hours before until 2 hours after the occurrence of the extreme event (indicated as -2h and 2h respectively, with t=0 the moment where the extreme events from Low-level jet (LLJ) 170 Figure 6 shows the LLJ case. The measurements do not show a typical LLJ profile, although especially at t=2h a wind maximum is present. GRASP represents the wind speed profile much better than ERA5. There is little effect of a different resolution.
https://doi.org/10.5194/wes-2020-1 Preprint. Discussion started: 13 February 2020 c Author(s) 2020. CC BY 4.0 License. In the sequel of this report emphasis is put on the loads at Low Level Jets and because the agreement for this particular case is 180 slightly poorer than expected some further analysis was carried out by comparing more measured and calculated LLJ profiles in the simulated year to investigate whether a better agreement is found at other moments. Generally speaking this is the case indeed.
A representative example is given in Fig. 7 . This figure shows a sequence of two subsequent 10-minute averaged wind speed profiles, measured and calculated taken at exactly the same time (May 11, 2015 at 13hrs 40 and 13 hrs 50). An (Excel 185 polynomial) curve fitting was applied on the calculated and measured wind speed profiles.
Despite some differences in level and shear, Fig. 7 generally shows a good agreement between calculated and measured LLJ. It must be noted that an indication on measurements uncertainty can be found by comparing the LIDAR and mast measurements which at an altitude of approximately 90 meter are taken at almost the same height. As such both measurements should indicate the same value but this is not exactly the case. Mast measurements are a well proven technology and as such 190
it may be expected that LIDAR measurements have the largest uncertainty which may become poorer with increasing altitudes and low turbulence intensity (due to the fact that the number of aerosols decrease with altitude and decreasing turbulence intensity). It is then recalled from table 1 that LLJ's events go together with very low turbulence intensities by which the uncertainty for the LIDAR measurements at these events may be larger.
Wind shear 195 Figure 8 shows a strong wind shear over the rotor plane in both measurements and calculations. Comparing U, phi, and TI for all five cases For t=0, Fig. 12 shows how the variables U, phi (i.e. wind direction), TKE, and TI are connected for the five different cases.
Wind Veer
The effect of different GRASP model resolution is small on the mean profiles of wind speed and direction but differences arise 240 in the turbulence quantities like TI and TKE, where the finest grid-resolution is closest to the measurements. In general, GRASP represents extreme wind shear and veering of wind with height better than ERA5.
It can also be seen that the case with large veer appears to have a strong LLJ, both in the observations and in the model output going together with low values of TI and TKE. Vice versa the case for LLJ could be expected to have significant veer as well. This is the case in the calculations but much less in the measurements. 245
In the sequel of the report much attention is paid to the low turbulence intensities at the selected LLJ event (see table 1), since these low levels affect the loads to a large extent. It is then interesting to note that the results in Fig. 12 show the measured turbulence intensities in the lower part of the rotor plane to be even lower than calculated! On the other hand the measured turbulence intensity in the upper part of the rotor plane is higher than calculated for the LLJ event (not for the other events). It must be noted however that these values of turbulence intensities come from the LIDAR which may not measure the turbulence 250 intensity very accurately (Sathe, Gotschall, & Courtney, July 2011 ). An investigation of the turbulence intensities of the other LLJ events in the year of simulation generally find values of 2% or less (sometimes even less than 1%!) at an altitude of 90 meter which is seen as a confirmation that low turbulence intensities are found at LLJ events indeed. https://doi.org/10.5194/wes-2020-1 Preprint. Discussion started: 13 February 2020 c Author(s) 2020. CC BY 4.0 License.
Concluding remarks on validation
In summary, the extreme wind cases that were selected based on GRASP model output, represent 'real weather'. That is to say, there is a strong qualitative and often quantitative agreement between the modelled and observed extreme events of LLJ, 275 wind shear, veer, TI and TKE. Although the agreement for the selected LLJ is moderate, it is encouraging to see that many other LLJ events in the year of simulation find a shear which is comparable to the measurements. Moreover most LLJ's go together with low turbulence levels and large veer in both calculations and measurements.
Aero-elastic modelling of GRASP extreme events
The aero-elastic loads in response to the extreme GRASP cases from section 4.1.2. are calculated with the PHATAS code 280 (Lindenburg, 2005) . The development of this code started in 1985 by ECN (now TNO) but later the code has been transferred to WMC (now LM). The code takes into account blade flexibilities in all three directions (flatwise, edgewise and torsional) but also tower and drive train flexibilities. Also the control of the AVATAR turbine is taken into account.
The default aerodynamic solver of PHATAS is based on the Blade Element Momentum (BEM) theory. This is an efficient but lower fidelity model which, because of its efficiency is used for industrial design calculations. In its basis such BEM 285 model is steady and 2D, by which phenomena like yaw and stall are calculated with a very large uncertainty. Therefore, in the last decades several engineering models have been developed which are added to the BEM theory. These engineering add-ons cover phenomena like unsteady and 3D effects as well as yaw and stall. They are still of a simplified efficient nature which makes them suitable for industrial calculations. These engineering models are validated and improved with the most advanced measurement data (Schepers J. G., November 2012) and with high fidelity models (Schepers J.G. et al, 2018) 290 Although the default aerodynamic solver of PHATAS is based on the BEM theory, the GRASP events are calculated with a PHATAS version which is linked to an alternative aerodynamic solver AeroModule as developed by ECN part of TNO.
AeroModule is a code which has an easy switch between an efficient BEM based model and a high fidelity but time consuming FVW based model AWSM (Boorsma, Grasso, & Holierhoek, 2012) which allows a straightforward comparison of these two models with precisely the same input. In this way it can be assessed how well the load response is calculated with a BEM 295 model in comparison to the load response as calculated from the higher fidelity model AWSM.
In the present study the loads which are considered are the blade root bending moments: flatwise, edgewise and torsion moment and the shaft moments, torque, tilting and yawing moment on the shaft but the paper limits itself to a discussion of the flatwise moment only. Generally speaking the conclusions on the flatwise moment are valid for the other loads as well (Schepers, van Dorp, Verzijlbergh, Baas, & Jonker, 2019) 300 Both extreme loads and equivalent fatigue loads are considered with a Wohler slope of 10 for the blades and 4 for the shaft.
The loads are calculated in the coordinate system from Germanischer Lloyd. https://doi.org/10.5194/wes-2020-1 Preprint. Discussion started: 13 February 2020 c Author(s) 2020. CC BY 4.0 License.
Interface between GRASP and PHATAS
The input for AeroModule (and so PHATAS) consists amongst others of the 3D wind speeds at several locations in the rotor plane as function of time. For the present study they were supplied by Whiffle in separate files in NETCDF format in the 305 resolution which is given in section 4.1.1. They were transformed by ECN part of TNO into TurbSim wind simulator files (Jonkman, 2009) .
It is noted that the turbine yaw angle is fixed and aligned with the time averaged wind direction at hub height from the GRASP wind input.
Calculation of reference design load spectrum 310
The reference design load spectrum for the AVATAR RWT has been calculated and assessed in (Stettner, et al., April 2015) .
It is calculated along the IEC standards for wind class IA, which was considered representative for off-shore conditions by the AVATAR consortium. As mentioned before this is a conservative turbulence class for the present location.
In view of the fact that this deliverable has been produced 3 years before the present study it was decided to repeat the load calculations with the current version of design tools in order to assure consistency in tools. 315
The load spectrum from (Stettner, et al., April 2015) is based on an almost complete set of design load cases, i.e. normal production (DLC 1.2), standstill, stops etc. In the present study it is only the normal production cases from DLC 1.2 which are repeated. In section 6. it will be shown that these cases are sufficient for the present assessment and there is no need to include special cases.
The reference load cases are carried out as 10-minute time series for mean wind speeds ranging from 5-25 m/s, with a wind 320 speed interval of 2 m/s, a shear exponent of 0.2, where the wind input is generated from the stochastic wind simulator SWIFT using 6 different seeds. The yaw angle is prescribed to be 8 degrees in line with the IEC standards.
It is noted that the aerodynamic model with which the reference spectrum is calculated is based on the default BEM model of PHATAS where the GRASP events from section 4 are calculated with both BEM and FVW. Apart from fundamental model differences between BEM and FVW all calculations are carried out in exactly the same way, with the same degrees of freedom, 325 engineering models used etc in order to assure consistency in results. The following remarks can be given on the presentation: https://doi.org/10.5194/wes-2020-1 Preprint. Discussion started: 13 February 2020 c Author(s) 2020. CC BY 4.0 License.  In all cases the extremes were found to be the maximum positive values (using the sign conventions from the GL coordinate system).  The present analysis is based on normal production cases (DLC 1.2) only which means that special and extreme load cases are excluded. As such the actual maximum extreme load from a full IEC spectrum could even be higher than the 345 values presented in Fig. 14. Some indication for that is found in (Savenije, et al., December 2017) which shows that often non DLC 1.2 cases (e.g. DLC 6.2, idling at storm loads) are more extreme indeed. However, in the sequel it will be shown that even the extreme loads from DLC 1.2 are higher than the loads from the extreme GRASP events by which there was no use to calculate the non-DLC1.2 load cases.  The design load spectrum has been calculated for 3 different seeds per wind speed. The results from Fig. 13 is based on  350 the averaged equivalent load. The values from Fig. 14 values are the overall extremes per wind speed. The most important conclusion is that the loads in response to the extreme wind events from GRASP remain within the load envelope of the reference spectrum. This is true for the equivalent fatigue loads, see Fig. 13 , which shows that all EQL's from the GRASP extreme events are lower than the EQL's from the reference DLC 1.2 at comparable wind speeds. It is also true for the extreme loads, see Fig. 14. As explained above the ''real" extreme reference loads are likely to be even higher than the 355 values given in these figures, since the results in these figures consider DLC 1.2 only. This makes that the extreme loads from the GRASP wind events remain even more within the reference spectrum.
Comparison between aero-elastic loads at extreme events with loads from the reference spectrum
Another important conclusion is that the EQL of the blade root flatwise moment is overpredicted with the BEM model (assuming that the fatigue loads as calculated with the FVW model AWSM are close to reality). Similar observations were made in (Boorsma, Chasapogianis, Manolas, Stettner, & Reijerkerk, September 2016) and (Boorsma, Wenz, Aman, 360 Lindenburg, & Kloosterman, September 2019) where differences are reported in the order of 10-20% for load cases which are representative to IEC normal production. The present study shows overpredictions which are in the same order of magnitude i.e. 14% for the extreme LLJ, 11% for the extreme veer case, 7% for the extreme shear case but only 4-5% for the extreme turbulence intensity and turbulent kinetic energy. The difference between AWSM and BEM based fatigue shaft loads (not shown in this paper) were generally found to be smaller and less straightforward than for the blade root flatwise moment: in 365 some cases AWSM even predicts higher fatigue loads than BEM.
In order to gain some further understanding on the results, the loads from the Low Level Jet are analyzed in more detail.
Thereto table 2 presents the EQL of the flatwise moment for the Low Level Jet from BEM and AWSM in the third and fourth row respectively. In the second row the corresponding EQL from DLC1.2 is given for a wind speed of 13 m/s which is very close to the 10-minute averaged hub height wind speed at the Low Level Jet. In the second column the EQL is calculated for 370 a flexible construction (which correspond to the results from Fig. 13 ). The results in the third column give the EQL for a rigid construction (these are calculated for the Low Level Jet only, not for DLC1.2).
The fourth column gives the EQL from the azimuthally binned averaged variation. This azimuthally binned averaged variation is (for a linear system) similar to the deterministic variation which is mainly a result of the shear (although the veer in the LLJ event and the 8 degrees yaw error for DLC 1.2 leads to a deterministic variation as well). The equivalent loads 375 from the deterministic variation are calculated for the BEM results only.
https://doi.org/10.5194/wes-2020-1 Preprint. level at the LLJ explains, at least partly, the much lower fatigue load. This is confirmed by the EQL of the deterministic variation in the third column which is almost similar (99%) to the EQL of the total variation in the first column. The 1% difference is the addition from turbulence and should be compared with the difference between deterministic and total variation from DLC 1.2 which is approximately 43%. This indicates how little the low turbulence level at the LLJ adds to the fatigue loads. 390
o Still the EQL of the deterministic variation at the LLJ is much lower (approximately 54%) than the EQL of the deterministic variation at DLC 1.2. This indicates that the low fatigue loads at a LLJ are not only caused by the lower turbulence levels but it is also the different shear from the LLJ which lowers the EQL. Some further explanation is offered by Fig. 15 . This shows a comparison between the azimuthally binned averaged flatwise moments for the LLJ and DLC1. In section 4.1.2 it was mentioned that the shear from the LLJ in the lower part of the rotor plane (between 90 and 270 degrees) is very comparable to the shear with exponent 0.2 which is assumed in DLC1.2. This 410 is confirmed by a more or less similar slope dMflat/dr for DLC1.2 and LLJ in the lower part of the rotor plane, i.e. from r is 90 to 270 degrees with r the azimuth angle.
Eventually the lower load amplitude from the LLJ leads to a lower fatigue load than the fatigue load from DLC 1.2, even though these variations happen twice as often. 415
It is noted from Fig. 2 that the present LLJ has a maximum velocity close to hub height and it could be https://doi.org/10.5194/wes-2020-1 Preprint. Discussion started: 13 February 2020 c Author(s) 2020. CC BY 4.0 License.
argued that a different hub height leads to a different load behavior. The lowest part of the rotor plane of the AVATAR RWT is at an altitude of 29.8 meter and the upper part is at an altitude of 235.6 meter. It was not considered feasible to decrease the tower height and lower the rotor plane even more. Also a lowering 420 of hub height would bring the maximum in LLJ wind speed even closer to hub height (See Fig. 2) . Therefore an increase of tower height has been investigated but this was limited by the domain size of the GRASP field which extends up to a maximum altitude of 255 meter. Hence the tower height can not increase with more than 19.4 meter. A hub height of 250.7 meter has been investigated but this did not lead to significantly different conclusions (i.e. the loads from the LLJ remain within those of the reference 425 spectrum)
 As explained before BEM overpredicts the EQL with approximately 14% compared to the EQL from FVW. For the rigid construction however the difference is even larger, i.e. 18%. The commonly believed explanation for the overpredicted BEM EQL lies in a more local tracking of the induced velocity variations in FVW models, by which they vary synchronously with the variation in inflow. This synchronization then damps out the variations in angle of attack. 430
Moreover, FVW models allow for a more intrinsic and realistic modelling of shed vorticity variations in time. The lower differences for a flexible construction could be a result of the flexible blades being bend by wind speed variations and so leading to smaller angle of attack variations. https://doi.org/10.5194/wes-2020-1 Preprint. Discussion started: 13 February 2020 c Author(s) 2020. CC BY 4.0 License.
 A validation of the LES Wind fields has taken place by comparing the calculations with measurements from Meteorological Mast IJmuiden. This validation shows that there is generally a good agreement in the load determining characteristics of the LES wind fields by which the calculated events can be used with confidence to assess the 445 importance of them in an aero-elastic load context. However more validation is needed, in particular on turbulence characteristics at high altitudes (say higher than 100 meter)
 The resulting (EQL and extreme) loads for the selected events are (roughly speaking) 30-70% lower than those from the reference design load spectrum of the AVATAR RWT. As such, the often heard expectation that low level jets have significant impact on loads is not confirmed for the present off-shore situation. This is partly explained by the very low 450 turbulence intensities which go together with the LLJ. However the deterministic EQL from the LLJ shear is also lower than the deterministic EQL from DLC 1.2. This is due to the fact that the shear from the LLJ is not very extreme in comparison to the shear from the IEC standards. The LLJ shear profile then leads to a 2P variation instead of a 1P variation from 'normal shear' but the amplitude is smaller resulting in a lower fatigue damage. From the results one could hypothesize that the combination of the shear and turbulence levels from the IEC standards may often lead to 455 conservative loads. However much more research is needed to warrant a conclusion, especially in the validation of the on-site turbulent wind fields.
 It is noted that the present LLJ has, more or less by coincidence, a maximum velocity close to hub height. A study on different hub heights didn't show a very different outcome but the limited domain size of the LES wind field made that the hub height could not increase with more than 20 meter. A study with a much taller tower (and so an extended 460 domain size) is recommended.
 For the selected extreme events the EQL from the more physical AWSM model are considerably lower than the EQL of BEM model which indicates that BEM overpredicts fatigue loads. The difference is largest for the shear driven cases and for a rigid construction. Efforts should be undertaken to improve the BEM fatigue calculations for such shear events. 465  The present research can be considered as a 'pilot' study to investigate the potential of a coupling between turbine response models and high fidelity wind models. The success of it leads to the recommendation to explore such coupling even further for the calculation of a full design load spectrum. This makes it possible to assess the validity of a conventional method for the calculation of a design load spectrum based on stochastic wind simulators. The higher fidelity of the present method makes that eventually design calculations could be based on physical wind models. 470  Although the coupling between PHATAS and GRASP was very successful the interfacing through GRASP output and PHATAS wind input files can be improved. Ideally an integrated approach should be developed without the need of interface files.
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